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A common way to analyze gene expression involves the use of transgenic plants. Transient assays that use particle bombardment (9) are a powerful alternative to rapidly evaluate gene expression in intact plant tissues. If the particular system in use has been validated by another approach, the results provide a meaningful indicator of the expression of stable genes in plants. Even for verified transient assay systems, a critical problem often associated with particle bombardment is that of high data dispersion. On the other hand, the choice of the assay (histochemical or fluorometric) used to quantify promoter activity in gus -based constructs could lead to misinterpretation of the data because of the different sensitivities for GUS detection among assays. The aim of this work was to find a way to decrease data dispersion and to evaluate the consistency of the two assays of GUS activity used to determine the promoter activity in transient assays.
To address the data dispersion problem, we used the C1and B-Perugenes from maize as internal controls. These genes code for transcriptional factors that activate the anthocyanin biosynthetic pathway (1, 10) . The level of anthocyanin was used as a visual marker to select only samples with high levels of transformed cells. A major factor causing data dispersion is the unequal dispersion of particles among different bombardments and among distinct samples in the same bombardment. Internal controls coding for other reporter enzymes under the control of constitutive promoters are generally used to normalize the data dispersion. However, when using internal controls, it is desirable to identify efficiently transfected samples before undertaking the laborious process of protein extraction and quantification of the promoter activities of the test and control constructs.
In these experiments, we evaluated the co-bombardment of the test DNA construct together with constructs containing the C1and B-Perugenes (1, 10) . After bombarding tissues from maize, wheat, petunia, pea and white clover with these two genes under the control of the cauliflower mosaic virus (CaMV) 35S promoter, the transformed cells become colored as a result of anthocyanin accumulation and can be seen with the naked eye (1, 2, 7, 10, 11, 13) .
The constructs p35SC1, pB-Peru (anthocyanin accumulation) and pAH-18 (luciferase production) were used as internal controls, and p699 was used as a test construct to direct GUS production. GUS activity is expressed as pmol 4-methylumbelliferone (4-MU) min -1 mg -1 . Both p35SC1 and pB-Peru contain the CaMV 35S promoter and the first intron of maize Adh1, fused to the C1and B-Perugene coding regions, respectively (kindly provided by S. Wessler). The pAH18 contains the maize ubiquitin promoter and its first intron fused to the firefly luciferase coding region (5). The p699 is a deletion of the Hrgppromoter obtained from an AC -1503 maize genomic clone (EMBL Accession No. AJ131535) with the 3 ′ end at +16 and the 5 ′ end at -699 (numbering relative to the ATG start codon), fused in frame to a gusA /3 ′ NOS fragment (12) . The maize Hrgpgene codes for a hydroxyproline-rich glycoprotein that is present in cell walls (15) , and the promoter shows high activity in young shoots and immature embryos (12) .
When intact maize tissues with irregular shapes were bombarded, there was a high level of data dispersion, even among samples in the same petri dish. In a representative experiment (Figure 1 ), young seedlings were bom-barded with pB-Peru and p35SC1, together with p699 and pAH18 constructs. The number of bronze spots representing the anthocyanin genes expression in each seedling was scored under a stereomicroscope 24 h after bombardment. GUS activity in each seedling was assayed fluorometrically and varied from zero to approximately 300 pmol of 4-MU min -1 mg -1 . There was a positive correlation between the GUS activity of each seedling and the number of bronze spots (Figure 1 ). The mean GUS ( ± SEM) of all the samples shown in Figure 1 was 85 ± 22 pmol 4 MU/min/mg protein: the SEM corresponded to 26% of the mean.
After eliminating samples with less than 150 bronze spots that produce low GUS activity, the mean GUS activity increased to 124 ± 23, with the SEM representing 18% of the mean. To further reduce data variability, the luciferase activity directed by pAH18 in each seedling also was assayed. To normalize the activity driven by the p699 construct in each seeding, the GUS activity (pmol 4-MU min -1 mg -1 ) was divided by the luciferase activity (mV per 10). Using this second internal control, the SEM as a percentage of the mean was further reduced from 18% to 10%. This approach gave also excellent results when immature embryos, endosperms, young leaves and BMS suspension cell cultures were transformed by particle bombardment (data not shown).
Another possible problem associated with transient expression assays that use particle bombardment is the method for quantifying GUS activity. The quantification of promoter activity by histochemical detection of GUS acVol. 28, No. 1 (2000)
BioTechniques 55 Figure 1 . Correlation between anthocyanin accumulation and GUS activity in young maize seedlings. Maize seedlings were bombarded with p699, pAH18 and pB-Peru and p35SC1 plasmids. Particle preparation and DNA coating were carried out (12) using 8 µ L of DNA-GUS construct (0.5 µ g/ µ L in TE buffer, pH 8.0) and 15 µ L of a control mixture containing 25 ng of pB-Peru, 25 ng of p35SC1 and 1 µ g of pAH18 in each preparation. Bombardment was done with a PDS1000/He device (Bio-Rad Laboratories, Hercules, CA, USA) using settings already described (12 Maize embryos (14 days after pollination) were flattened onto MS media (9 per dish) and bombarded with p35SI, p1076 and p159 in co-transformation with pAH18, as described in Figure 1 . The histochemical assay of GUS activity using X-Gluc as substrate was performed as described (12) and the blue spots in each embryo were counted under a stereomicroscope. Fluorometric measurements of GUS activity were performed as before by using the protein extract prepared from the 9 embryos of each dish. Luciferase activity was quantified in a 1250 Luminometer (BioOrbit, Turku, Finland) by mixing 20 µ L of protein extract with 100 µ L of reaction buffer (luciferase assay system; Promega) and taking the measurments after 10 s. To normalize promoter activity, the GUS value detected in each sample was divided by the luciferase value obtained in the same sample. Black bars indicate the average number of blue spots seen following the histochemical assay (n=58) and the white bars represent the mean GUS/luciferase activities based on the fluorometric assay (n=4). In both cases, the activity of p35SI was considered as 100%. The error bars represent the SEM.
tivity, followed by counting the number of blue spots produced, is widely used because of its simplicity (4, 6, 14) . However, theoretical considerations indicate that the fluorometric assay of GUS activity may be better for this purpose.
The number of blue spots in immature embryos that were bombarded with constructs containing GUS fused to three Hrgp promoter deletions was found to be similar, although the intensity of the spots differed (data not shown). These variations probably reflect distinct levels of GUS activitydriven promoters, which differed in strength. In this case, counting the spots would erroneously estimate the activity of promoters that varied in strength.
To test this hypothesis, immature embryos were bombarded with p35SI and p1076 and p159 constructs, and two methods for detecting GUS activities were compared. The p35SI construct contains a 450 bp 35S promoter fused to the first intron of the Adh1-S gene (3), to a gusAcoding region and to nopaline synthase terminator (3'NOS) from pBi121 (8) . The constructs p1076 and p159 are deletions of the HRGPpromoter fused to the gusAgene, with the 5 ′ end at -1076 and -159, respectively.
The two assays detected that GUS activity varied with the promoter, although there were discrepancies in the activity of a given promoter (Figure 2) . Thus, the activity of p1076 was 70% that of p35SI when the blue spot counting method was used, but only 40% when the fluorometric assay was used. The p159 construct showed even greater discrepancies (40% of the p35SI construct value in the blue spot counting method and only 6% in the fluorometric assay). An essential assumption of the blue spot counting method is that the stronger the promoter, the higher the probability that one transformed cell will produce a sufficient amount of reaction product to give a detectable blue spot. However, our results indicate that with this method, there is a clear overestimation of the activity of weak promoters. The GUS fluorometric assay was more accurate in detecting differences in the activities directed by distinct constructions and provided a more faithful determination of promoter activity. This is probably because the histochemical spot-counting method does not allow for the distinction between light and dark blue spots. Thus, once a cell (or a group of cells) reaches the threshold for color detection by the naked eye, it will be considered a unit in the same manner as dark spots with higher GUS activity.
In summary, our approach using two internal control systems greatly decreases data variability. It also decreases the amount of time and money necessary to prepare protein extracts and assay GUS and luciferase activities from non-transformed and poorly Benchmarks transformed samples. This system will probably be useful in other species that respond to transformation with the C1 and B-Perugenes. Our results also show that the histochemical spot-counting method for the quantification of promoter-driven GUS activity may understimate the activity of strong promoters. Irrespective of the species being studied, the fluorometric assay is preferred for this reason when quantifying promoter-driven GUS activity.
